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0  E X E C U T I V E  S U M M A R Y  

0.1 FINDINGS FROM THE THEORETICAL STUDY. 
The radiated sound from a tyre rolling on a surface at speed will change depending on 
the dimensions. It has been previously noted that a relationship exists between the 
sound radiation and the radius of the tyre and the width. This document provides an 
explanation of the physical reasons why the sound will change, quantifies this change 
and determines a practical way to use this.  

The sound response of a tyre with a regular tread pattern is investigated using 
numerical models as the radius and width change. The modal response is calculated 
for a range of commercially feasible geometries and the radiated sound is determined. 
The amplification from the horn effect is found for a standard tyre size and the 
modifications which arise as the geometry is altered is quantified.  

For the investigations into the change in sound radiation for a radial geometry change, 
six tyres were tested, covering a range from 0.263 m to 0.4 m. For the investigations into 
the variation with a change in the width of a tyre, five variations were examined from a 
very narrow motorcycle tyre with a width of 0.08m, through a more feasible commercial 
range for car tyres, from 0.13 to 0.28 m. 

The radiated sound pressure is calculated for three microphone positions on two road 
surfaces at 90 km/hr. 

The dominant wave which propagates in the tyre is a flexural wave, with a less 
significant compression wave. It has been shown by varying the radius and the 
thickness of the tyre, that the speed of the flexural wave varies significantly. When 
comparing the point mobility of a small tyre with a tyre with a large radius, it has been 
shown that for increasing radius the amplitude of the response decreases, especially at 
frequencies greater than 1 kHz. The change in sound pressure on a smooth surface 
between the smallest and largest tyres covers 4 dB, although it is recognised that it is 
unlikely that typical vehicles can operate with both of these sizes due to brake rotor size 
limitations. On a rough road surface, changing from the smallest to the largest results in 
a decrease of approximately 1 dB as the excitation frequencies are more broad band. 

A change in the width of the tyre is more feasible from an engineering point of view. 
The modal response has been shown to change significantly due to the change in the 
axial wave number present across the tyre belt width. There is a balance between the 
amplitude of the damping present in the sidewalls and that due to the flexural response 
of the belt structure which also is present. For a very narrow tyre, typical of a 
motorcycle, the resonant frequencies are located at approximately 240 Hz and 1 kHz. 
An increase in width to a narrow car tyre moves these frequencies down to 
approximately 200 Hz and 600 Hz respectively.  

The standard tyre width shows a series of large resonances between 400 Hz and 1500 Hz 
and appears to be in the worst region of sizes. The very wide tyre has the resonances 
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located all below 500 Hz, with a significant decrease in amplitude due to the inherent 
increase in material damping. 

The far-field sound radiation shows a 4 dB decrease in sound by moving from the 
standard tyre to the thinnest, due to the excitation frequencies being located away 
from the tyre resonances and the increased sidewall damping helping to attenuate 
any vibration outside of the contact patch. For the narrowest tyres, there is an increase 
of approximately 3 dB below 500 Hz however this is not important once an A-weighting 
is applied. 

The vibration characteristics of a twin-tyre concept have also been investigated and a 
significant sound reduction has been shown possible approximately 3.5 dB, primarily 
due to the modified modal response and the increase in damping between the two 
tyres. 

The horn amplification refers to the amplification which occurs when a sound source is 
placed close to the contact patch between the tyre and the road, due to the 
geometrical shape of the two surfaces converging. It has been shown that this 
amplification can be as high as 20 dB for frequencies of interest to exterior noise. 

Boundary element calculations have been used to characterise this amplification for a 
range of tyre geometries, which show that changing the outer radius of the tyre can 
change the amplitude of the horn amplification by around 2-3 dB for a commercial size 
range. The increase in the radius moves the dominant amplification frequencies closer 
to the frequencies of the dominant modal response, somewhat negating the benefits. 

Changing the width of the tyre produces amore significant reduction, approximately 3-
5 dB for the change from the widest to narrowest and shows the most promise for an 
engineering solution. 

The twin tyre concept can lead to reductions of approximately 2-3 dB when compared 
to a standard tyre; however a damping treatment must be applied to the space 
between the two tyres to prevent vibration and amplification of acoustic sources. 

The experimental study using two motorcycle tyres of width 80 mm reveal that an effect 
on the radiation efficiency of 6 dB(A) units in the direction of rolling and 4.5 dB(A)-units 
for a typical pass-by test could be expected (assuming that the vibration level of the 
tyre structure is the same as for a tyre with typical standard width (195-245 mm).  

0.2 GENERAL CONCLUSIONS THAT CAN BE DRAWN FROM THE EXPERIMENTAL STUDY. 
By the experimental study it is found that the sound radiation in the frequency range of 
600-1400 Hz is reduced by 14 dB when the tyre width is decreased from 300 to 80 mm. 

It has been found that the reduction is more rapid in the width range of 80-150 mm (or 
about 11 dB) compared to the width range of 150 -300 mm where the reduction is more 
modest (about 3 dB). A consequent conclusion from the said would be that substantial 
reductions in radiation would require use of small tyre widths typically in the range of 
100 mm or less. 
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It can generally be concluded that reduced tyre width can be a powerful method in 
reducing tyre/road noise. Though the width should typically be reduced to dimensions 
below the typical standard widths of today.  

The Twin tyre, using two narrow tyres on the same rim, with a separation distance of 50 
mm results in 6 dB(A)-units less noise (assuming the vibration level of the tyre structure to 
be the same compared to a tyre of standard dimensions) in the direction of rolling 4.6 
dB(A) units at 45 º and 3.6 dB(A) units at 90 º to the direction of rolling.  For a typical 
pass-by or coast-by test with roadside microphones e.g. at 7.5 m from the vehicle track 
a total reduction in radiated noise could be 4.5 dB(A) units.  

It has also been found that the Twin tyre concept would benefit from sound absorbing 
material in the slot between the partial tyres. 50 mm glass wool or similar mounted 60 
mm above the contact surface seems to be optimal of the tested alternatives.  

The separation distance between the two partial tyres of in the Twin tyre design does 
not need to be greater than 50 mm. For greater distances than 50 mm the sound 
radiation is not much further reduced.  
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1  I N T R O D U C T I O N  
The amplitude and frequency content of the sound radiated from a pneumatic car 
tyre will depend strongly on the dimensions of the tyre. As part of the EU Quiet City 
Transport research project, a study has been undertaken into the fundamental 
mechanisms behind these relations with the objective of finding commercially 
applicable engineering solutions which reduce the overall exterior noise from a car. 

The research has investigated the sound level reduction which can be achieved for a 
tyre with a larger outer diameter and a smaller tread width when compared to a 
normal tyre. A theoretical model has been implemented to examine the spectral 
characteristics of a tyre with changing dimensions which also includes the ability to 
study the shifted modal response and the characteristics of the horn effect due to the 
open horn sides. The relationship of radiated sound pressure level to speed has 
previously been noted, however these have never been fully understood and 
explained and therefore, no commercially applicable solutions have been utilised. This 
report will provide details of the sound reduction mechanisms and recommend which 
may be used with the most success. 

This document contains the deliverable D3.23 provided at M18 of the QCity contract for 
the QCity: Quiet City Transport project. In accordance with the revised milestone aims, 
this document covers the work related to the work package 3.4.2: 

• Noise reduction mechanisms for a higher and narrower tyre compared to 
standard dimensions. 

The changes to the radiated sound pressure from tyres of differing geometries rolling on 
a road surface will be detailed separately in two sections, the first dealing with the 
modal response of the tyre (the resonant frequencies compared with typical excitation 
frequencies from a tread pattern) and the second the amplification of any sound 
sources by the horn geometry. In order to be able to predict and separate the physical 
changes and explanations at each stage, numerical analysis will be utilised to change 
one parameter at a time. This has the advantage over experimental measurements on 
actual tyres, which will almost never only have one parameter changing unless purpose 
built (which incurs considerable expense).  

Section 2 contains an examination of the vibration characteristics of a tyre with 
changing geometry, which includes the modal response of both the tyre belt and the 
finite width tyre. The vibration of the tyre surface when rolling at speed will then be 
predicted and finally the far-field sound which is radiated as a result of this rolling will be 
described. 

The tyre shape when in contact with the road surface creates a horn geometry which 
has the effect of amplifying any sound sources which are present on the tyre surface. 
This horn amplification is detailed in Section 3 for the standard tyre and the alterations 
which occur as the tyre geometry is changed.  

Finally conclusions are presented based on these two sections. 
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2  V I B R A T I O N  A N D  M O D A L  A N A L Y S I S  

2.1 METHODOLOGY TO OBTAIN FAR-FIELD RESPONSE 

A short summary of the methodology used to obtain predictions of the far-field sound 
at positions around the tyre is provided in this section. In order to analyse the physical 
response of the tyre, we examine the modal response of both the tyre belt and then 
the response of the finite width tyre, which takes into account the impact of the 
sidewalls. Both of these cases assume that the tyre is stationary and not in contact with 
a road surface. 

The methodology used to determine the vibration occurring on the tyre as it rolls over a 
rough road surface will then be detailed with a short description of the far-field sound 
calculation. 

2.1.1 Modal response of the tyre 
The modal response of a tyre belt can be determined using a viscoelastic cylindrical 
model [12] which takes into account the properties of each layer of tyre materials. Such 
a model is illustrated in Fig. 1 with an air cavity joining the tyre belt to a fixed axle hub. A 
load is applied to the outer surface of the tyre belt and the response measured as a 
function of the excitation frequency, axial wavenumber and angular order (these are 
the modes of vibration in the axial and circumferential directions respectively). The most 
useful results to analyse will be the response in the radial and tangential directions to 
radial and tangential forcing. These are shown in Figs. 2(a) and (b) respectively. 

To obtain the frequency response of the tyre with sidewalls, a finite width bending plate 
model is utilised from Blakemore (for details see [6][12]), which provides the response of 
the tyre in the radial direction when excited in the radial direction for a range of axial 
positions across the tread width. It yields the Greens function Gmn required in order to 
determine the response of the tyre as it rolls at speed (the Greens function provides the 
response at tread block m to an impact at tread block n). 
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Figure 1:  Viscoelastic cylindrical model of tyre belt for modal analysis. 

 

Figure 2:  Definitions of the excitation and response directions. 

2.1.2 Rolling response of the tyre 
The displacement of the tread blocks and the surface of the tyre belt as a function of 
time, as they move over a rough road surface are obtained using the method 
determined by Graham [4] and Kropp [9][10] shown in Fig. 3. The displacement of the 
tyre belt at a block m at time t to an applied force at block n at time τ is determined by 
the convolution over N tread blocks,  
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Figure 3:  Notation used to define the displacements of the tyre belt and tread blocks as they roll    
    over a rough road surface.  

Each of the tyres numerically tested are initialised out of contact with the ground as 
they rotate. The time stepping routine then slowly lowers the tyre by a set amount, until 
the overall load on the axle matches the required tyre load. A further rotation of the 
tyre is allowed before measurements are taken in order to allow any transient vibrations 
to decay. It is assumed that all tread block rows are designed to carry the same load 
for steady state rolling conditions with no steering input. This spreading of the load is 
achieved by adjusting the crown radius within a reasonable range (for an example of 
the final load variation between tyres of differing radii, see Figs 4(a)-(c)). For each 
numerical analysis on different road surfaces, 1500 computation steps are utilised per 
revolution of the tyre, which resolves the important vibration data between the road 
and the tyre belt. 

 

Figure 4:  Sum of all block forces against time for different radii tyres for the outer row of tread blocks. 
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2.1.3 Far-field noise generation 
Once the surface vibration at a position x on the tyre surface is known in terms of the 
radial acceleration a(x, ω), the far field sound pressure may be predicted by 
assuming that we have a distribution of sources in free air without any solid tyre 
geometry. This may then be combined with a transfer function describing the 
amplification from the horn shape created between the tyre and road surface Ghorn. If 
the receiver position is located at y with an element area ΔA, then we may write for the 
sound pressure p(y, ω);  

 
A further description of the horn amplification is provided in Section 3. 

2.1.4 Geometrical changes considered 
A set of tyres have been numerically modelled, with six different radii covering a range 
of commercially extreme wheel sizes. Although it is recognised that it is highly unlikely to 
be possible to fit the largest wheel size to a vehicle designed for the smallest (and vice 
versa), it is considered useful to explore the whole range in order to understand any 
physical changes to the modal response. The response has been investigated for the 
changes which occur as the outer radius, the inner radius and the sidewall thickness are 
modified. 

A constant regular tread pattern has been used to determine any far field sound 
pressures, which emphasises the tread block impact frequencies but also provides a 
regular excitation to the tyre belt. The far-field pressure has been determined for 
different cases where the tread blocks are a fixed size and also where they take a 
proportion of the circumference. By utilising a fixed tread block size, the amplitude of 
tyre belt excitation at different frequencies may be accurately predicted and different 
tyre geometries directly compared. It represents the case where the tread pattern is 
not optimised and provides a better illustration of the sound reductions possible if the 
tyre belt is modified. This direct comparison is not usually possible to obtain via 
experimental measurements as different tyre sizes are usually designed for different 
applications e.g. off road performance, high speed grip, or optimised for wet weather 
traction and will therefore have difference carcass materials and optimised tread 
patterns.  

The outer radius of the tyre takes the dimensions; 0.263 m, 0.286 m, 0.320 m, 0.354 m, 
0.377 m and 0.4 m and the change is illustrated in Fig. 5. Due to the vehicle 
specifications, it is not generally possible to fit the largest diameter wheels to vehicles 
designed for the smallest, due to the size of the wheel arch, clearance space for 
suspension components and brake assemblies or ground clearance required for the 
specific task. The overall wheel size is therefore usually dictated by the vehicle 
manufacturer and is therefore more difficult to modify than the width of the tyre. The 



 TIP4-CT-2005-516420 Page 12 of 70 

 QCITY issued: 13-11-06 

D3_23 UCAM ACL_18M.doc 

results will therefore make reference to changing from a standard tyre radius to the 
largest, or from a standard radius to the smallest, as this is considered more realistic. 

 

 

Figure 5:  Illustration of the change in radii numerically examined covering a broad commercially  
    feasible range. 

 

Figure 6:  Illustration of the change in width numerically examined covering a broad commercially  
    feasible range. 

A set of five tyres with different widths were also considered via numerical analysis, 
covering a broad commercially possible range with the exception of the narrowest tyre 
which was the approximate size of a motorcycle tyre. The tread blocks were 
considered both for the case where their width was fixed and also where the cross 
sectional area took a proportion of the width of the tyre. The widths considered were; 



 TIP4-CT-2005-516420 Page 13 of 70 

 QCITY issued: 13-11-06 

D3_23 UCAM ACL_18M.doc 

0.08m, 0.13m, 0.18m, 0.23mand 0.28mand the difference is illustrated in Fig. 6. As with 
the radial change, only car tyres (and one motorcycle tyre) are considered, excluding 
the largest four by four, light and heavy trucks.  

2.1.5 Microphone positions 
The far-field sound pressure has been calculated for a set of receiver positions away 
from the tyre surface. If the centre of the contact patch is located at the coordinates 
(x,y,z) = (0,0,0) then the microphone positions are given in Table 1with the illustration in 
Fig. 7. The calculations do not take into account shielding from the car body, scattering 
from the vehicle underside or any sound sources located inside the wheel.  

 

Microphone Position [m] 

1 (1.00,0.00,0.10) 

2 (0.75,0.75,0.10) 

3 (0.00,1.00,0.10) 

 

Table 1:  Microphone positions relative to the centre of the tyre contact patch. 

 

Figure 7:  Positions of the microphones relative to the tyre being analysed. 

2.2 VARIATION OF THE VIBRATION CHARACTERISTICS WITH A RADIAL CHANGE 

2.2.1 Modal analysis 
Considering a cylindrical tyre belt, where the thickness of the belt remains constant 
while the radius increases, the dominant wave type will be a flexural wave, with an 
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additional less significant compressive wave. If we initially assume that variations in the 
axial direction are not to be considered we may investigate the circumferential wave 
speed analytically. 

The wave speed is denoted c = ω/k, where k is the wavenumber and ω is the 
excitation frequency. The analogy between a viscoelastic layer and a cylindrical layer 
allows us to state that for increasing angular order n, the relationship k ≡ n/r holds. The 
speed of the flexural wave in a flat three dimensional elastic solid is given by the 
approximation, 

 
where kx is the wavenumber, E is the Young’s modulus, ρ is the density of the material of 
thickness, t and ν is the value of Poisson’s ratio. 

In a material composed of several layers of material, we may approximate this speed 
by taking average values of the material properties, these being denoted by the 
subscript av. For high angular orders we may say that kx = n/r, therefore, 

 
If the thickness of the tyre belt is maintained whilst increasing the tyre radius, we expect 
the derivative to be, 

 
This implies that increasing the outer tyre radius and maintaining the thickness creates a 
slower propagating wave for higher angular orders. It also suggests that the effect on 
lower angular order modes will be minimal. The derivative also suggests that changing 
from 13” wheel rims to 14” rim wheels creates a greater speed change than the 
change from 14” to 15” rims.  

We also examine the less significant compression wave speed (less significant for a 
radial impulse function but not for a shear impulse function). The wave speed for a 
compression wave travelling through an elastic medium can be shown to be, 

 
which is independent of the wavenumber. 

The radial response of a tyre belt to a radial force input is shown in Fig. 8 for three outer 
radii with the amplitude of the response plotted against circumferential mode number 
and frequency. The trend is for the dominant flexural wave speed to slow when radius 
increases. The modes connected to the lower angular orders do not increase 
significantly. It may also be seen that the wave speed related to the compression of the 
belt is not altered (although the resonant frequency drops, the speed using c = ω/k 
only changes from ≈ 83ms−1 to 81ms−1. Therefore, for a given angular order, the resonant 
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frequency is reduced when the tyre radius increases, however the amplitude also 
slightly increases. 

 

Figure 8:  Tyre belt radial displacement response to radial excitation, ur(r, ω, n, kz = 0)/σrr. Effect on  
    spectral decompositions when the outer tyre belt radius is increased and belt thickness is  
    maintained. 

The equivalent plot for a variety of tyre radii and individual angular orders are shown in 
Fig. 9. For an angular order of zero, it is confirmed that the change in amplitude or 
frequency is insignificant. For angular orders of n = 10 and n = 40 increasing the 
radius decreases the resonant frequency and increases the amplitude, however the 
tyre materials have a large amount of damping and the contribution of the higher 
modes may be seen to be less significant. It may therefore be concluded that tyres with 
a larger radius have resonant frequencies located further away from the tread block 
impact frequencies, which act as the excitation mechanism. 
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Figure 9:  ur(r, ω, n, kz = 0m−1)/σrr and examining only individual angular orders from the above graph.  
    The far left hand side graph shows the change in the flexural wave response with an  
    increase in tyre radius for the angular order n = 0. The middle and right hand side plot show  
    angular orders n = 10 and n = 40 respectively. 

The response of the tyre with sidewalls included in the calculation is shown in Fig. 10 for 
the case where the excitation is applied radially in the centre of the tread width for a 
very small and large radii tyre. Two circumferential positions are shown, he first being the 
case where the excitation is located at the measurement point and the second where 
x/R = 1 (x is the circumferential position). The larger radii tyre reduces the amplitude of 
the resonances significantly at higher frequencies while maintaining a similar amplitude 
at lower frequencies.  
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Figure 10:  Tyre displacement for forcing radially at the centre of the tread and measuring across  
     tread points. Examination of the wave spectrum across the tread width against excitation  
    frequency. Minimum and maximum tyre radii shown. 

 

Figure 11:  Change in the impact angle causing a differing amplitude between levels of initial  
    excitation of normal and shear forces. 

2.2.2 Far field sound without the horn amplification 
The far field sound pressure at the three microphone positions has been predicted for 
the tyres of differing radii rolling on a smooth and a hot rolled asphalt surface at 80 and 
90 km/hr. 

When comparing a tyre with a small radius with one with a large radius a change 
occurs to the excitation mechanism as the tread blocks enter the contact patch. 
Referring to Fig. 11 and assuming the same loading on the tyre and proportional tread 
block sizes, it may be seen that for the smaller tyre, the tread blocks impact the road 
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surface with a smaller normal force and larger shear force to the tread block. If the 
normal stiffness of the tread block is different from the shear stiffness then the 
displacement of the tread block will be different between the two tyres. This stiffness 
depends on the tread block materials and dimensions, which in turn will impact on the 
relative levels of excitation imparted onto the tyre belt. The damping in the tread block 
in the normal and shear directions will also influence the rolling resistance of the tyre 
and this trade-off should be investigated further, to determine any practical possibilities 
of controlling the orthotropic rubber to reduce the noise for small radius tyres. 

The change in sound pressure without taking into account the horn amplification is 
shown in Fig. 12 for microphone positions one and two. There is an overall decrease of 4 
dB on a smooth road surface which is due to the resonant frequencies of the belt being 
located further away from the excitation frequencies originating from the tread 
pattern. There is a small increase around a radius of 0.3 m where the tread blocks are 
interfering constructively in the circumferential direction. 

The corresponding sound pressures for the tyre rolling on a rough road surface show a 
decrease of 1 dB moving from the standard radius to the largest. This is lower than for 
the smooth road surface but is primarily due to the excitation frequencies being more 
broad band and therefore exciting over a wider frequency range. 

 

Figure 12:  Sound pressure calculated without the horn amplification on a smooth road surface at  
    90 km/hr. Non-dimensionalized radius against frequency and sound pressure amplitude. 

The tyres used in these predictions had a regular tread block distribution which yields 
one dominant frequency in the sound pressure spectrum with associated harmonics. An 
optimised tread pattern would contain many of these fundamental peaks, with slight 
variations to avoid tonal noise, however due to wear and balance considerations, the 
spread of these fundamentals is restricted. Therefore it should still be possible to design 
a carcass which has modal resonances away from the tread block excitation 
frequencies. If the carcass and tyre design has resonances located further away from 
any tread pattern excitation frequencies, then the amplitude of vibration of the tyre 
belt will be greatly reduced, which in turn reduces the amplitude of sound generation. 
This would require the external noise constraints to be considered at an earlier stage in 
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the tyre design process and would allow the carcass and whole tyre design to be 
considered for noise in addition to the tread pattern design. 

2.3 VARIATION OF THE VIBRATION CHARACTERISTICS WITH A CHANGE OF WIDTH 

2.3.1 Modal analysis 
The change in the modal response of the tyre when the width is changed is presented 
in this section. A summary of the results for four different tyres are provided, the 
narrowest is the tyre width corresponding to a motorcycle tyre, the latter three 
corresponding to tyres of a commercial width range. 

The variation in the displacement response (to an excitation at the centre of the 
contact patch) for different tread block rows is shown in Fig. 13. The comparisons for the 
centre row of tread blocks are located on the left with the comparisons for the outer 
tread block row on the right. It may be seen that as the tyre width is increased, the 
resonant frequency of the tyre decreases as the axial wavelength increases. The tyre 
damping attenuates high frequencies fairly well, but the damping for low frequencies 
tend to be less effective and for the wider tyres, the response shows a strong n = 0 
angular order vibration mode. The amplitude of the resonance for the thinner tyres is 
distributed over a larger area, with the amplitude reaching a maximum near the 
standard dimensions. 

The comparison is made in Fig. 14 for the point velocity response found at the contact 
patch across the width of the tyre. Here the relative importance of the damping and 
the axial wavelength become apparent. For the thinnest tyres, the response in the 
range 350 - 800 Hz is broadly zero, whereas for the standard tyre width the resonances 
are extremely pronounced in this region. The resonances of the widest tyre are 
significantly less as the longer distances increase the amount of damping available to 
dissipate energy. 

This shows that reducing the tyre width slightly can have significant benefits provided 
the excitation from the tread pattern does not have too many impact frequencies in 
the range 550 - 600 Hz for common vehicle speeds in built up areas. This also shows the 
potential for developing a single layer across the width of the tyre which may be 
critically damped at the resonant frequency around 600 Hz. The variation in width also 
shows how the lowest mode can increase in frequency to between 220 and 270 Hz, 
with a large resonance. It would be necessary to provide an adequate damping 
solution to prevent these resonances being transmitted through to interior cabin noise. 
However, in terms of exterior noise, they are less significant due to the A-weighting at 
low frequencies. 

2.3.2 Far field sound without the horn amplification 
The far field sound pressure measurements for microphones one and two are presented 
in this section for a tyre of varying width rolling on a smooth road surface at 90 km/hr 
without the horn amplification. 
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The sound measurements for a microphone position forward of the tyre for varying 
width tyres are shown in Fig. 15. The measurement for a microphone position slightly to 
the side of the tyre is shown in Fig. 16, again without the horn amplification. 

Due to the shift in the modal response, the radiated sound pressure changes in 
amplitude depending on the frequency. The amplitude of the sound pressure at the 
tread block impact frequency has a maximum of 71 dB corresponding to an 
approximate width around 0.18 m after which it decreases to a minimum of 67 dB for 
the narrowest tyre. It may also be seen that the amplitude of the radiated sound 
increases significantly for frequencies below 500 Hz for the very narrow tyres. 

For the most wide tyres tested, the radiated sound also decreases, as the modal 
response is moved away from the excitation frequencies and the increased damping 
limits the amplitude of the resultant vibration. 

The microphone located towards the side of the tyre shows that a significantly higher 
proportion of higher frequency noise is radiated for the standard tyre dimensions. 
Although the frequencies below 500 Hz will be removed by a common A-weighting, the 
higher frequencies will not be. 

To reduce the radiated sound pressure, the width of the tyre should either be increased 
or decreased towards the upper or lower commercial ranges respectively. 



 TIP4-CT-2005-516420 Page 21 of 70 

 QCITY issued: 13-11-06 

D3_23 UCAM ACL_18M.doc 

 

Figure 13:  Modal response of different width tyres. The displacement response of different tread  
block rows when an excitation is applied to the contact patch. 
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Figure 14:  Modal response of different width tyres. Driving velocity response of the tyre when excited  
     at the contact patch showing variation across the tyre width. 
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Figure 15:  Farfield sound pressure at microphone position 1 for a tyre with varying width rolling on a  
   smooth road surface at 90 km/hr. 

 

 

Figure 16:  Farfield sound pressure at microphone position 2 for a tyre with varying width rolling on a  
   smooth road surface at 90 km/hr. 
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2.4 VIBRATION CHARACTERISTICS OF A TWIN TYRE 
The twin tyre concept shown in Fig. 17 is one possible idea which has been discussed 
within the QCity partners and incorporates a number of the sound reduction 
mechanisms found through this work sub-package. It consists of two narrow tyres 
mounted on a single wheel axle which allows two noise reduction mechanisms to be 
exploited. The narrow width of the individual tyres means that the modal response is 
very high in the frequency domain, above the typical excitation frequencies found 
from the tread pattern. Having two tyres also means that vibration from one tyre is not 
transmitted to the other tyre, reducing the cross mode coupling. This design has been 
previously patented and it is anticipated that a physical test tyre will be constructed 
and tested with the results being reported in a future deliverable. An example of a 
patented tyre is from Yokohama Rubber Co Ltd submitted in 1993 for the purposes of 
reducing aqua-planning by using two narrow tyres, one with a tread pattern for wet 
performance and one for dry performance. The example diagram is reproduced from 
the EU patent office espacenet in Fig. 18.  

 

Figure 17:  Possible twin tyre concept incorporating noise reduction features. 

The twin tyre concept has the same load carrying capacity as a normal passenger tyre; 
however the resonant frequencies have been significantly increased in frequency due 
to the shorter axial wavelength.  
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Figure 18:  Yokohama Rubber patent for a dual purpose tyre fitted onto one wheel hub. Diagram  
    taken from espacenet EU patent web site. 

The resonances are moved further away from the excitation frequencies of the roads 
and tread patterns, with the higher frequencies being more easily attenuated by the 
damping in the rubber. In the centre of the twin tyres, it is assumed that no vibration 
from the sidewalls of the first tyre can influence the response of the second (and vice 
versa). This could be accomplished by using a high damping material connecting the 
two tyres, such as a stiff rubber, as the centre is not in contact with the road surface. 
Future work should certainly consider the engineering constraints of a dual tyre system 
and examine the possibilities of obtaining a shorter axial wavelength using an 
alternative means such as a solid circumferential ring placed on the inside of the tyre 
belt.  

The modal response of the twin tyre concept may be compared to the standard tyre 
for a range of circumferential positions around the tyre, Fig. 19. The amplitude of the 
response has been decreased as the resonances are moved to higher frequencies. The 
energy is spread over a wider frequency range and is significant over the whole of the 
two tyres. For positions away from the contact patch, the amplitude of the response 
has been greatly decreased.  
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Figure 19:  Comparison of the modal response of a standard tyre of radius 0.32 m and width 0.18 m  
    with a twin tyre concept of comparable dimensions. Modal analysis shows the velocity  
    response normal to the tyre surface to point excitation at the contact patch, for a range  
    of circumferential positions. 

2.4.1 Far field sound without the horn amplification 
The calculation of the far-field sound pressure (without the horn amplification) is now 
presented. It is assumed that the centreline of the twin tyre concept corresponds with 
the centreline of the standard tyre. Since the curvature of the two individual tyres is 
fairly extreme, the horn amplification will be important to reflect the shielding effect of 
the centre area of the two tyres. 

The comparison is made with a standard tyre of radius 0.32mandwidth 0.18m on a 
smooth road surface at 90 km/hr and a rough road surface. The calculations for the 
smooth road surface are shown in Fig. 20 showing that the tread block impact 
frequencies are accentuated as the excitation mechanism is the regular pattern of 
tread block impacts. The reduction at this frequency is of the order 3.5 dB for 
microphone 1, with an increase for frequencies below 600 Hz due to the first vibration 
mode being increased in frequency. The reduction measured at microphone position 2 
at the tread block impact frequencies is 3.8 dB with a 2 dB increase below 550 Hz.  
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Figure 20:  Far-field sound pressure of a standard tyre and a twin tyre concept on a smooth road  
   surface at 90 km/hr. 

The far-field noise for the twin tyre rolling on a rough surface shows similar trends since 
the tyre has perfectly regular tread block distribution. We still see a large amplitude at 
the tread block impact frequencies; however the rough road excites more broad band 
frequencies. The comparison for the twin tyre at microphone position 1 shows a 
decrease in amplitude of approximately 4 dB at this impact frequency, however there 
is a 2-4 dB increase between 800-1100 Hz.  

 

Figure 21:  Far-field sound pressure of a standard tyre and a twin tyre concept on a rough road  
   surface at 90 km/hr for microphone position 1. 
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3  M O D I F I C A T I O N S  T O  T H E  H O R N  A M P L I F I C A T I O N  
It has been previously reported that the geometrical shape of the tyre surface when in 
contact with a road surface creates a wedge shape, which amplifies any sound 
sources close to the contact patch in a similar way to a gramophone horn [5]. The 
amplification can be as high as 20 dB for frequencies of interest to exterior tyre / road 
interaction noise and is dependent on the radius and width of the tyre, in addition to 
the curvature and the length of the contact patch. 

In this section, an investigation into how the horn amplification changes when different 
tyre design parameters change is presented. Initially, the numerical method used to 
determine the amplification is presented, which has been validated experimentally [6], 
followed by the details of the boundary element method (BEM) used. A summary of the 
changes found when alterations were made to the radius and the width of the tyre. 
Finally a number of conclusions may be drawn regarding possibilities to optimise the 
tyre for noise reduction. 

3.1 DESCRIPTION OF THE HORN AMPLIFICATION 
The methodology used to determine the exterior noise produced by a car tyre rolling 
on a rough surface may be split into the determination of the vibration of the surface 
(presented in a previous section) and the amplification from the tyre geometry.  

As shown in Fig. 22, we define a control surface around the tyre and in contact with the 
road surface which is rigid. Given a source at position x, the far field sound pressure at 
position y may be determined for a fixed frequency ω. This pressure with the tyre 
geometry is termed ptyre(x, ω). 

We also define the far field pressure in the free field, without the tyre geometry at all as 
pfree(x, ω). The Green’s function for a source at x in three dimensional space bounded 
by a rigid plane is G(y|x) = e(−ik|y−x|)/(2π|y − x|), where k = ω/c and x is near the 
plane surface. 

A transfer function now represents the amplification of any sound sources due to the 
presence of the tyre geometry as Ghorn(x|ω) = ptyre(x, ω)/pfree(x, ω) which has 
both magnitude and phase. 
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Figure 22:  The far field sound is predicted by integrating individual sound sources over the surface of  
     the tyre. The amplification due to the solid geometric shape of the tyre is then introduced  
    via a transfer function. 

3.1.1 Boundary element method 
To calculate the far field sound with the tyre geometry, a commercial boundary 
element code is used (Comet Acoustics v5.1) where the results generated for the horn 
amplification have been previously validated by comparison against experimental 
measurements with good agreement for a wide range of frequencies covering the 
range of interest for exterior tyre / road noise [6]. 

The details of the BEM are provided by [2] and [1] for both the direct and indirect 
methods, the latter used for all exterior calculations due to a computational speed 
advantage. 

Two meshes are required for this method, one for the tyre geometry and one for the 
data recovery mesh, see Figs. 23(a) and (b) for examples. The tyre geometry meshes 
were all unstructured with approximately 6000 nodes and special O-grid rings on the 
sidewalls to improve the convergence speed and quality of the mesh (The O-grid 
reduces the cell density as the meshing radius tends to zero). The geometry was 
designed using ProE and the surface meshing carried out using ICEM-CFD. 

The density of the mesh must be high enough to resolve the maximum required 
frequency of interest, with a recommendation that at least four elements are used per 
wavelength. 
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Figure 23:  Examples of the geometry and data recovery meshes used in the BEMcalculations. 

The maximum acoustic frequency of interest is 2.5 kHz, which is used for all of the results, 
however, to be certain that the solution was not dependent on the mesh, a case 
where the tyre is made up of four times as many nodes has been completed (see Figs. 
24(a) and (b)). The results were virtually identical except inside the contact patch 
where the solution failed to converge for either case (we have assumed that there is no 
vibration inside the contact patch which radiates sound so this does not make any 
difference).  

 

Figure 24:  Comparison between the normal mesh density and the special mesh used to ensure that  
   the BEM calculation converged independently of the element sizes. 

In both the experimental and numerical case, it is useful to employ the reciprocal 
method to exchange the position of the source and receiver [3]. The designated 
microphone positions given in the results are therefore the locations of a single 
monopole source, with unit magnitude and the receiver positions are represented by a 
data recovery mesh consisting of approximately 4000 nodes positioned at a distance of 
at least one quarter of an element length away from the tyre geometry mesh. This is a 
structured mesh generated in Matlab and allows simple data recovery and processing 
outside of Comet. 

The advantage of the boundary element calculation is that only the boundary 
conditions on the surface of the geometry need to be defined. In all of the calculations 
carried out, each element of the tyre geometry was defined to have zero normal 
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velocity, as a rigid surface. A half plane was placed at the base of the tyre with an 
impedance of 1E10 kg m−2s−1 which could be adjusted vertically to reduce or increase 
the length of the contact patch. The half plane represents a rigid smooth surface with 
no porosity (Graf has shown that changes to the road impedance have little influence 
up to 2 kHz). 

3.1.2 Details of geometry changes 
The horn amplification was characterised for three microphone positions for a 
frequency range of zero to two kilohertz in increments of two hundred and fifty hertz for 
the changes to the geometry of the tyre shown in Table 2. The radii changes do not 
reflect tyres which would necessarily fit onto the same vehicle, therefore in the analysis 
of the results, comparisons will be made between the small or large radii and the 
standard tyre (radius 0.32 m). The changes in width reflect commercial possibilities apart 
from the narrowest tyre which is typical of a motorcycle tyre width. It has been included 
for completeness. 

Finally an assessment of a twin-tyre concept, Fig.25 has been undertaken. 

 

Tyre radius [m] Tyre width [m] 
0.263 0.180 
0.286 0.180 
0.320 0.180 
0.354 0.180 
0.377 0.180 
0.400 0.180 
0.320 0.080 
0.320 0.130 
0.320 0.180 
0.320 0.230 
0.320 0.280 

Table 2:  Horn amplification characterised for different geometrical changes 
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Figure 25:  An assessment has been carried out into the possible advantages of mounting two highly  
   curved tyres together in a twin tyre concept. 

3.1.3 Format of the horn amplification results. 
The amplitude of the horn amplification is a function of the source and receiver 
positions, the frequency and the geometry of the tyre surface. When examining the 
results, it should be noted that the microphone position is always fixed with results 
provided for a fixed acoustic frequency. This section contains a brief description of the 
format of the results and quantifies the amplification found for the standard tyre 
geometry, which has a low curvature, radius of 0.32 m and a width of 0.18 m. The 
amplification of a source on the tyre with a fixed receiver position can be drawn as 
contours on the surface of the tyre, shown in Fig. 26, which has the amplification for a 
frequency of 1 kHz at microphone position 1. The microphone is straight ahead of the 
tyre and therefore the results are symmetric in the axial direction, however, due to the 
curvature of the tyre, it is not possible to see all of the results, especially when the 
amplification on the tyre surface is not symmetric. Therefore we unwrap this plot, laying 
the tyre belt flat to give Fig. 27 where the front of the tyre can be seen to shield sound 
sources on the rear of the tyre, as expected. 

The x axis shows the circumferential belt position non-dimensionalised by the 
circumference, the y axis the axial position and the colour indicates the amplitude. For 
circumferential positions less than x = 0.05 and greater than x = 0.95 m, the data 
recovery mesh is inside the contact patch and the results have been interpolated from 
their nearest neighbours to provide a value (these are not used in any subsequent 
calculation). 

Where the cross belt or shoulder curvature is small relative to the tyre radius and the 
microphone position is along the centreline of the tyre, we may assume that any 
changes in the axial direction are minimal and may instead plot the results as a 
function of frequency and non-dimensionalised circumferential position as illustrated in 
Fig. 28. Even for microphones not positioned along the centreline of the tyre, this plot is 
a useful comparison which will be utilised when comparing the change in amplification 
due to a change in tyre radius. The amplification is highest close to the contact patch 
and increases for increasing frequency. At very high frequencies the top surface of the 
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tyre can provide high amplitudes although it is unlikely that there will be a high 
amplitude of vibration in this region due to the high damping present in the tyre 
materials. 

 

Figure 26:  Horn amplification transfer functions for a standard tyre of radius R = 0.32 m and width  
    0.18 m with a microphone places at position 1 for a frequency of 1 kHz. Plotted as contours  
    of amplitude on the surface of a tyre mesh. 

 

Figure 27:  Horn amplification transfer functions for a standard tyre of radius R = 0.32 m and width  
    0.18 m with a microphone at position 1 for a frequency of 1 kHz. The contours on the  
    surface of the tyre have been unwrapped and laid out. 

 

Figure 28:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.18 m for the  
    centreline of the tyre for the microphone at position 1. The same colour scale has been  
    used as in other plots. 

3.2 THE HORN AMPLIFICATION OF THE STANDARD TYRE 
This section contains the results of the horn amplification for a standard tyre which is 
roughly in-between the range of radii and widths examined, having a radius of 0.32 m 
and width 0.18 m with a small shoulder radius. 
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The horn amplification is plotted as a function of circumferential position and axial 
position for low to mid range frequencies in Fig. 29 for microphone positions 1-3. The 
higher frequencies are shown in the following plot, Fig. 30. As discussed in [7], the 
amplification tends towards 0 dB as the frequency reduces towards zero for all 
microphone positions and is very low for all tyre positions below a frequency of 500 Hz, 
where the acoustic wavelength is very long when compared to the dimensions of the 
tyre and is therefore acoustically invisible. 

It is also stated that as the effective distance between the source and the receiver is 
increased, the amplitude at a given frequency decreases. The amplification rises to a 
maximum of approximately 20 dB for the microphone 1 at a frequency of between 1.2-
1.5 kHz and decreases thereafter, except in the immediate region closest to the 
contact patch where it remains high. 

At very high frequencies (1.5-kHz to 10 kHz) the amplification depends very strongly on 
the distance between the source and the receiver locations, which may be explained 
by ray theory where several different waves may interfere constructively and 
destructively inside the horn area by the contact patch [11]. 

The low curvature of this standard tyre shows little influence on the amplification in the 
axial direction for frequencies below 1.2 kHz and for higher frequencies there is a slight 
decrease in the amplitude of the amplification at the very edges on the tyre. The 
microphone which is positioned away from the centreline show a wider variation with 
axial position, however this is due to the change in distance between the source and 
the microphone position across the belt width. 

The amplification is largest for sources on the front of the tyre when considering the 
microphone located directly ahead of the tyre (position 1) which has the largest visible 
surface area of the horn. The amplification for the microphone positioned at the side of 
the tyre (position 3) has amplitudes around 10-12 dB lower overall. 

The amplification as a function of circumferential position and frequency for the three 
microphones are shown in Figs. 31(a) to (c). This clearly illustrates the importance of the 
immediate area near the contact patch for frequencies between 500 Hz and 1000 Hz 
and the whole front area of the tyre for frequencies above this. 

3.2.1 Availability of further results 
It has been considered appropriate to only put into this document the results relating to 
the geometry changes at the extreme ranges, rather than results for every numerical 
run completed. However, these results have been examined and are available on 
request for any radius in the range, width, curvature or load. 
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Figure 29:  Horn amplification transfer functions for a standard tyre of radius R = 0.32 m and width  
    0.18 m. The frequency range is from 500 Hz to 1250 Hz with three microphone positions  
   shown. 
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Figure 30:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.18 m. The  
    frequency range is from 1500 Hz to 2000 Hz with three microphone positions shown. 
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Figure 31:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.18 m for the  
    centreline of the tyre. 

 

3.3 THE IMPLICATIONS OF A RADIAL GEOMETRY CHANGE. 
The amplitude of the horn amplification due to a change in the radius of the tyre to 
0.263 m is shown for the three microphone positions in Fig. 32. By comparing these 
results to those for the standard tyre, we may see that the overall levels are fairly similar, 
with broadly comparable regions of high amplitude. For the microphone placed 
directly ahead of the tyre, increasing the radius moves the location of the peak 
amplitudes to a lower frequency, while the actual circumferential distance from the 
contact patch remains unaltered. 

This change in frequency could be exploited if there were a resonant belt vibration 
which occurred at a similar frequency and it were necessary to avoid the significant 
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horn amplification which would couple to the far-field sound, however the levels are 
only of the order of 1 dB. 

If the tyre radius is increased to 0.4 m, with all other parameters remaining constant, the 
spectrum of the horn amplification along the centreline of the tyre in Fig. 33 shows that 
the peak amplitudes are reduced further in frequency into the region where the tread 
block impact frequencies become more significant. The broad spectrum is similar to the 
standard tyre with levels approximately 1 dB higher and important for source positions 
very close to the contact patch. 

When comparing the smallest radii tyre to the largest, it is important to note that the 
brake requirements for the vehicles will usually be very different and will prohibit the 
fitting of these largest wheels to vehicles designed for smaller wheels. However, it is 
interesting to note that the maximum amplitudes for the smallest radii tyre are located 
at a frequency which is around 500 Hz higher that that of the largest radii tyre and 2-3 
dB lower. 

 

Figure 32:  Horn amplification transfer functions for a tyre of radius R = 0.263 m and width 0.18 m for  
    the centreline of the tyre. 
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Figure 33:  Horn amplification transfer functions for a tyre of radius R = 0.4 m and width 0.18 m for the  
    centreline of the tyre. 

3.4 THE IMPLICATIONS OF A CHANGE TO THE WIDTH OF THE TYRE. 
The amplitude of the horn amplification which is modified due to a change in the width 
of the tyre to a narrow value of 0.08 m is shown first. This width is comparable to a 
motorcycle tyre and is a very significant change from the standard tyre dimensions. The 
low to mid range of discrete frequencies are shown in Fig. 34 with the higher 
frequencies provided in Fig. 35. 

The overall amplitudes for all microphones are reduced by an amplitude of between 3-
10 dB, depending on the frequency. The upper frequencies studied show a reduction of 
around 5 dB for source positions close to the contact patch and the narrow tyre is 
acoustically invisible until a frequency of around 1.5 kHz. 
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It is perhaps a fairer comparison to examine the amplification found for a tyre of width 
0.13 m as this reflects a change from the standard tyre which has a more realistic 
engineering potential. The amplification is shown for the centreline of positions in Fig. 36. 
Even with this relatively small change, there are advantages to be found. A reduction in 
the peak amplification amplitude of 1.5 dB for sources close to the contact patch is 
achievable and the tyre only begins to produce an amplification at a frequency of 
around 600Hz for sources not immediately adjacent to the contact patch. 

The implications of increasing the width of the tyre to the maximum studied value of 
0.28 m is shown in Figs. 37 and 38 for the low to mid frequencies and the mid to high 
frequencies respectively. Here the peak amplitudes are increased by approximately 1.5 
dB and impact heavily for the lower frequencies (below 1 kHz). Above 1.5 kHz the 
increase is reduced to approximately 1 dB. 

This analysis shows that a real possibility exists to reduce the radiated noise by reducing 
the width of the tyre. The modal response of the tyre will move to a higher frequency, 
away from the tread block excitation frequencies, but also the amplification derived 
from the horn geometry will be reduced, which will be reflected in a pass by driving 
experiment. 
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Figure 34:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.08 m. The  
    frequency range is from 500 Hz to 1250 Hz with three microphone positions shown. 
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Figure 35:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.08 m. The  
    frequency range is from 1500 Hz to 2000 Hz with three microphone positions shown. 
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Figure 36:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.13 m for the  
    centreline of the tyre. 
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Figure 37:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.28 m. The  
    frequency range is from 500 Hz to 1250 Hz with three microphone positions shown. 
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Figure 38:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.28 m. The  
     frequency range is from 1500 Hz to 2000 Hz with three microphone positions shown. 



 TIP4-CT-2005-516420 Page 46 of 70 

 QCITY issued: 13-11-06 

D3_23 UCAM ACL_18M.doc 

 

3.5 THE TWIN-TYRE CONCEPT. 
The possibility of using a twin-tyre concept has been discussed with the project partners 
as one possible way of obtaining some of the geometric advantages which could lead 
to a reduction in the tyre/road interaction noise. The amplifications for the low to mid 
range of frequencies are shown in Fig. 39 with the higher frequencies provided in Fig. 
40. 

The much smaller curvatures move the peak amplitudes from around 1.2 kHz to around 
500 Hz where there is a significant increase of 2-3 dB across the tyre width which is 
believed to due to the curvature on the inner ring on the two tyres. Once above a 
frequency of around 1 kHz the peak amplitude is located in the centre band of the 
tyre, where it is assumed that any vibration from one of the tyres is prevented from 
crossing over to the other tyre. Since this centre band will not be in contact with the 
ground at any time, it should be possible to damp these amplifications using a strip of 
sound absorption material or solid foam in a similar manner to the porous road surface. 

The edges of the tyres reduce the peak amplification by approximately 3 dB, which is 
an advantage for microphone positions forward of the tyre. However, for microphone 
positions towards the edge of the tyre, the curvature on the side of the tyre nearest to 
the microphone increases the amplitude of the amplification for frequencies around 
500 Hz and above 1500 Hz, see Fig 41. 

The results show that an acoustic damping treatment must be applied to the centre 
band of the tyre to obtain the full noise reduction potential; otherwise any sound 
sources of the correct frequency would become very noticeable. Such an acoustic 
treatment would have to minimise any vibrations adjacent to the centre band, absorb 
any acoustic sources around the tread band and be durable and reliable. However, 
this shows the twin tyre concept could offer a potential way to move the peak 
frequencies of the amplification whilst still maintaining the same load carrying capacity. 
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Figure 39:  Horn amplification transfer functions for a twin-tyre type concept. The frequency range is  
    from 500 Hz to 1250 Hz with three microphone positions shown. 
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Figure 40:  Horn amplification transfer functions for a twin-tyre type concept. The frequency range is  
    from 1500 Hz to 2000 Hz with three microphone positions shown. 
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Figure 41:  Horn amplification transfer functions for a tyre of radius R = 0.32 m and width 0.18 m for the  
    centreline of the tyre. 
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4  M E A S U R E M E N T S  O F  R A D I A T I O N  P R O P E R T I E S  
O F  T Y R E S  W I T H  V A R Y I N G  G R O S S  
D I M E N S I O N S  

4.1 BACKGROUND TO THE EXPERIMENTAL STUDY. 
An experimental study complementary to the theoretical study shown in previous 
chapters has been performed. This study has been focusing on gathering experimental 
facts on the influence from varying tyre width and crown radius on the sound radiation 
properties of the tyre/road system and the tyre/road horn effect in particular. 

Studies has also been performed for a tyre design with reduced external noise, the twin 
tyre, which make use of the observation that narrower tyres will radiate less noise 
compared to wider  standard tyres. 

The experimental study presented here has thoroughly utilized the principle of 
reciprocity. The reciprocity principle, which is described more in detail below, has 
enabled efficient experimental studies of a great number of parameter changes such 
as road surface sound absorption, tread pattern, tyre width and crown radius.  

4.2 DESCRIPTION OF THE USED  RECIPROCAL MEASUREMENT METHOD 

4.2.1 The principle of reciprocity  
 
 
 

 

Figure 42  Conceptual principle  of the reciprocal measurement technique. 

The reciprocity principle states that transfer mobility is reciprocal. This means that the 
transfer function calculated as the pressure p1 at the leading edge of the tyre contact 
patch divided by the volume velocity Q2 from a loudspeaker at some distance from the 
tyre, will be the same compared to a sound pressure p2 measured in the position of the 
loudspeaker divided by volume velocity from source Q1 at the leading contact edge.  
 

Loudspeaker 

Q1,p1 

Q2,p2 
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With other words: 
 

1
2

2
1

Q
p

Q
p

=            (5.2.1) 

 
Since it is very difficult to find a volume velocity source small enough to fit into the small 
space near the tyre contact edge it is much more convenient to instead measure the 
transfer function with a small microphone near the leading contact edge and mount 
the volume velocity source at a distance from the tyre. 
 

4.2.2 The tyre mock-up  models 
 

By building a mock-up for measuring influence of tyre width and/or the road surface 
sound absorption influence of road noise there are many benefits. The benefits are:  
 

• The influence of the tyre diameter and tread width can be studied by using the 
detachment method or  

• The sound absorption properties could be measured also in view of the variation 
in size by using mock-ups of different sizes (width and/or diameter).  

• For the same mock-up and loudspeaker mountings comparable results, 
independent on car type or type of tyre, is obtained.  

• A comparable system for determination of the road sound absorption influence 
is obtained  

• The method is simple and relatively cheap 
 

Three tyre mock-ups were built for the measurements reported in this delivery. The 
selected dimensions of the mock-ups were selected from modern standard passenger 
car tyres. The idea was to build one model of a standard (most common) tyre, one thin 
tyre and one wide tyre, all with the same outer diameter. This also involved that the 
horn effect could be studied in the project. To get the very important deformed shape 
in vicinity of the contact region of the loaded tyre, Goodyear contributed with 
coordinates from their FE-model. From these coordinates the sidewalls were cut out 
from 19 mm birch plywood and mounted according to Figure 43. In order to get a 
reflecting tread surface, we used two layers of Masonite board (mounted with 
damping glue). The sidewall edges were rounded to a radius of 19 mm. 
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Figure 43.  Tyre mock-ups of width 153 mm, 193 mm and 303 mm. All mock-ups have an unloaded 
diameter of 630 mm.  

 
 
At the contact surface all the mock-ups were equipped with a non absorbing cell 
rubber to get a “normal” sealing effect between the mock-up and the rough road 
surface replica. Se Figure 44.   

2x3 mm board 
(Masonite) 

153 mm 

193 mm 

303 mm 
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Figure 44.  4 mm elastic material is mounted in the  contact patch area of the mock-up for proper 
sealing to the road surface irregularities in a way that resembles the sealing properties of a normal standard 
tyre. 

 

 
Figure 45. The mock-ups are filled with sound absorbing material to avoid  air cavity resonances. 

4 mm cell rubber 

The mock-ups were 
filled with sound 
absorbing material to 
avoid air cavity 
resonances  
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4.2.3 The volume velocity source - Ø  12 cm loudspeaker 
 
In order to get an omni directional volume velocity sound source covering the 
frequency range 500 to 3150 Hz a small loudspeaker was used. From Figure 47 it can be 
seen that the loudspeaker is omni directional (+/- 1dB) for frequencies up to 2.5 kHz. The 
loudspeaker has been calibrated to volume velocity by using the internal microphone 
mounted inside the loudspeaker cabinet.  
 

 
Figure 46  The smaller loudspeaker for operation in the frequency range of 500 – 3150 Hz, built for  
   reciprocal measurements. 
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Figure 47. Polar plot measured at 1600,  2000 and 2500 Hz  for the  Ø 12 cm  loudspeaker 

4.2.4 The measurement procedure – the detachment method 
 

The measurement procedure is based on the measurement of the transfer function H1 
between the volume velocity sound source and the microphone. Microphone and 
loudspeaker are placed according to the shown positions in Figure 48. Then the tyre (or 
tyre mock-up) is removed without moving the microphone and the transfer function H2 
is measured again. The tyre/road horn effect can then be determined from the 
difference between two transfer functions H1 and H2.  

SPL polar plot 3m (1/3 octave band 1.6kHz-2.5kHz )
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Figure 48.  The conceptual principle of the detachment method for determination of the influence of 
the tyre/road horn effect. The difference in transfer functions (FRFs)  for tyre in place and for tyre detached 
gives information on the amplification caused by the tyre/road horn geometry. 

 

In order to determine the influence from standard tyre parameters, measurements were 
performed at Acoustic Control. Measurements regarding tyre directivity were 
performed using the detachment method. For the Twin-tyre concept, two narrow 
motorcycle tyres giving a smaller crown radius have been chosen for the first test 
model. Therefore the influence from crown radius was studied, using a motorcycle tyre. 
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4.2.5 Influence of tyre width on the sound radiation from tyre/road systems. 
 

It has earlier been shown that the tyre width is an important factor for the amplification 
by tyre/road horn geometry.  It affects not only the magnitude of the amplification, but 
also the cut-on frequency for the horn effect. The cut-on frequency has in this case 
been defined as the frequency where the tyre/road horn amplification has increased 
to 3 dB. By using the detachment method the influence from tyre width on the 
magnitude of horn amplification and  cut-on frequency have been determined.  In 
Figure 49 and 50, the results from these measurements are presented. 

   

Figure 49       Measured horn amplification for different tyre widths utilizing the detachment method. 
Measurements performed with detachment method. 

 

Data from Figure 49 has been condensed to the diagram shown in Figure 50, where the 
cut-on-frequency as function of tyre width is shown.  The diagram in Figure 50 reveals 
that the cut-on-frequency is increasing more rapidly as the tyre width gets narrower. This 
depends on that the tyre/road horn will become acoustically shorter as the tyre gets 
narrower due to the shortcut of the horn-effect from the open (or non-existent) 
sidewalls of the horn.  It is well known that a shorter horn will display a higher cut-on-
frequency.  
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Figure 50. The 3 dB cut-on frequency for the tyre/road horn effect as a function of tyre width for  
   typcial standard shaped tyres. 

 

 

 

 

 

 

4.2.6 Directivity of sound radiation from the tyre/road horn  
The directivity of the tyre/road horn amplification was studied using the detachment 
method. For the measurements the 153 mm tyre mock-up was used. Concrete was 
used as road surface. The result presented in Figure 51, shows that the highest horn 
amplification (15 dB at 1029 Hz) is achieved in the tyre rolling direction.  At 90 degrees 
from the rolling direction an amplification of 8 dB is measured at the same frequency 
1029 Hz. 

The difference of the horn effect is shown as function of frequency for difference 
radiation angles in Figure 52. 
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Directivity for 153 mm tyre mock-up 
(Measured with detachment method)
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Figure 51 Tyre/road horn directivity for the tyre mock-up 153 mm wide. 

 

Figure 52 Tyre/road horn directivity as a function of frequency for 153mm wide tyre mock-up. 
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4.2.7 Influence from crown radius on the tyre/road horn amplification 
To study the how the tyre/road horn amplification is influenced by the tyre crown radius, 
reciprocal measurements were performed, using the detachment method. As test 
object a 90 mm wide tyre (Shinko MJ-90) was chosen because it has a small crown 
radius.  To get a very large crown radius modelling clay was used so that the tread 
surface became flat. To investigate the influence from the tread pattern a scenario 
with filled tread pattern was also measured.  The tree scenarios were therefore: 

• Motorcycle tyre with no preparation giving a small crown radius. 

• Motorcycle tyre with tread pattern cavities filled with modelling clay 

• Motorcycle tyre prepared with modelling clay, resulting in a very big crown 
radius or an almost flat tread surface 

 

For all measurements a concrete surface was used as “road surface”. In Figure 53 
below is shown the measurement results. It can bee seen that the crown radius clearly 
influence  the radiation efficiency both in terms of magnitude of horn amplification as 
well as on cut-on frequency for the horn effect. It can also be seen that the tread 
pattern has seemingly only effect on the tyre/road horn amplification.   

   

Figure 53 Tyre/road horn amplification for a 90 mm wide tyre with different crown radius. 
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4.3 THE  TWIN TYRE - STUDIES OF THE PARAMETER INFLUENCE  

4.3.1 Influence of sound absorption in the space between partial tyres.  
The Twin tyre consists of two very narrow tyres mounted at a certain distance on the 
same rim. The Twin-tyre concept is based on the fact that the two narrow tyres would 
give much less of tyre/road horn amplification compared to a standard tyre of the 
same width. By using sound absorbing material between the two tyres the radiation 
could be further lowered. In order to study how the sound absorption would influence 
the amplification tyre/road horn for the Twin-tyre, a mock-up model for reciprocal 
measurements was built, see Figure 54. The model consists of two sub tyres and a rim, 
built in wooden fibre board material, enabling a variation the tyre spacing and thus 
also the total width of the tyre. It was also possible to vary the amount of sound 
absorbing material between the two partial tyres of the twin tyre concept.   

Three different scenarios were studied, namely: 

• No absorbing material 

• Sound absorbing material of 50 mm glass wool 

• Sound absorbing material of 100 mm glass wool 

The scenarios were measured for both a 305 mm and also 225 mm wide Twin-tyre. The 
results are presented in Figure 55 and Figure 56.  
 

 

Figure 54 Twin-tyre mock-up model used for reciprocal measurements at Acoustic Control. 
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305 mm Twin-tyre horn effect (Measured with detachment method)

-3,00

0,00

3,00

6,00

9,00

12,00

15,00

20
5

23
0

25
9

29
0

32
5

36
5

41
0

46
0

51
6

57
9

64
9

72
9

81
8

91
7

10
29

11
55

12
96

14
54

16
31

18
30

20
54

23
04

25
85

29
01

32
55

36
52

40
97

45
97

51
58

Mid frequency for half tone band (1/12 octave band)  [Hz]

Tr
an

sf
er

 fu
nc

tio
n 

di
ffe

re
nc

e 
(w

ith
 a

nd
 w

ith
ou

t t
yr

e 
m

od
el

) [
dB

] 305 mm twin-tyre (no absorbing material)

305 mm twin-tyre (50mm absorbing material)

305 mm twin-tyre with 100 mm abs

 

Figure 55  Results from measurements using a 305 mm wide Twin-tyre. The amount of sound  
    absorption between the partial tyres has been varied. 

 

Figure 56  Results from measurements using a 225 mm wide Twin-tyre. The amount of sound  
    absorption has been varied. 
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4.3.2 Influence from the separation distance between partial tyres 
 

The total width of a Twin-tyre is of interest because it should fit onto standard cars. On 
the other hand the wider it is the more sound absorption material can be used 
between the partial tyres. In order to study how the total width (or sub tyre spacing) will 
influence the horn amplification, reciprocal measurements were performed by using 
the detachment method. The tyre spacing has been varied from 0.5 cm to 12.5 cm in 
steps of 2 cm.  The reduction in radiation efficiency for different distance (separation) 
between the partial tyres in the Twin tyre concept is shown in Figure 57. The noise 
reduction expressed as ΔLpA [in dB(A) units] for the Twin-tyre, referring to a measured 
tyre/road noise spectrum for a standard tyre (see Figure 59), was calculated as a 
function of the spacing between the two sub tyres. In Figure 58 it can bee seen how the 
calculated reduction reaches a plateau when the tyre spacing becomes larger than 
5 cm (total with 245 mm).  

Finally in Figure 60 is shown the reduction expressed as ΔLpA [in dB(A) units] for different 
radiation angles.   
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Figure 57  Twin-tyre horn amplification for different tyre widths. Measured with detachment method.  
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Noise reduction as a function of tyre spacing for the twin tyre model
(Noise reduction refered to tyre/road noise spectrum)
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Figure  58 Reduction in radiated sound power for a Twin-tyre as a function of spacing between  
    partial  tyres. The noise reduction referred to here is the radiation effect only and is using  
    the spectral shape of a standard passenger car tyre as a reference.   
Observation:  The separation influence is generally flat (at 5.4 dB reduction) down to a tyre separation  
    spacing of 50 mm (corresponding to a total width of the twin tyre of 245 mm)  

 
 
To illustrate the potential of the Twin-tyre the tyre/road horn amplification, within the 
frequency range 600 Hz – 1400 Hz, was determined as a function of width.  Prior 
measurements had already determined width effect on the horn amplification for 
standard tyres. In Figure 59 below it can bee seen how the amplification for wide Twin-
tyres is much less than for a standard tyre.  It can also bee seen that for no sub tyre 
spacing the Twin-tyre gives a “standard tyre behaviour” regarding to the sound 
radiation. 
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Averaged horn effect within the frequency range 600 Hz - 1400 Hz for 
different tyre dimensions

(Based on detachment method measurements)
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Figure 59 Averaged horn amplification within the frequency range 600 Hz – 1400 Hz for varying  tyre  
     width. Both standard tyres and Twin-tyres of various widths are shown. 

9.5 dB(A)
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Assuming that the vibration level of the twin sub tyres are the same compared to a 
typical standard tyre the found reduction in sound radiation could be expected to be 
obtained as a total reduction of sound emission from the tyre.  

In the Figure 60 the found reduction in sound radiation (which would also be the total 
obtained sound reduction according to the above assumption) for different radiation 
angles has been subtracted from a typical tyre/road noise spectrum. This would give 
the expected in-service sound level reduction at different angels relative to the 
direction of rolling.  

As can be seen from Figure 60, the sound level reduction that could be assumed to be 
obtained (still under assumption that the vibration level of the tyre structure would 
resemble that of a standard tyre) would be  

• 5.9 dB(A)-units in the direction of rolling 

• 4.6 dB(A)-units 45 º to the direction of rolling 

• 3.2 dB(A)-units perpendicular to the direction of rolling 

For a typical pass-by at a stationary road-side microphone the radiation angle would 
vary during the whole passage. However the net effect would probably be governed 
by the radiation at about  45 º. So it would be reasonable to expect that at a pass-by of 
a passenger car, a net noise reduction of about 4.5 dB(A) units would be obtained.  

If a sound level reduction of the above mentioned magnitude would be obtained and 
still maintaining realistic requirements on tread wear and vehicle dynamics the 
achievement in noise reduction could be viewed as quite substantial. 

Possible sound pressure level for a 225 mm Dual-tyre
(Lp reduced with the difference in transfer fuctions)
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Figure 60 Tyre/road noise spectrum for a 225 mm Twin-tyre, calculated from a standard tyre/road  
     noise spectrum by using the measured horn reduction. 
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5  C O N C L U S I O N S  
A detailed investigation has been described into how the sound radiated from a car 
tyre will change when geometric parameters are altered. Numerical analysis has been 
used to examine the physical changes which occur as the inner and outer radius of the 
tyre is changed, the width of the tyre and aspects of the curvature and load. The 
advantage of a numerical model is that only one parameter can be changed at any 
one time. 

The analysis of the different shaped and sized tyres utilises modal analysis, rolling 
vibration analysis, far-field sound and quantification of the horn amplification. 

5.1 CONCLUSIONS:- VARIATION OF VIBRATION CHARACTERISTICS 
A change in radius based on a commercial size range will modify the principle wave 
speed of the tyre belt (this is a flexural wave) with the less significant compression wave 
speed being unaltered. The speed change is greatest for the difference between 13” 
wheel rims and 14” rims rather than the change from 14” to 15” rims. It has been shown 
that increasing the tyre radius causes the resonant frequencies of the tyre to decrease. 
The amplitude of the higher angular modes of vibration can be increased; however the 
high damping of the tyre materials mitigates the importance of this increase. 

A spectral analysis has been performed on a range of tyre sizes, which shows that the 
larger radii tyre reduces the high frequency amplitude of vibration whilst maintaining a 
similar amplitude at lower frequencies. 

The radiated sound pressure which does not take into account the horn amplification 
has been predicted for several road speeds on a smooth and rough road surface. 
There is an overall decrease of 4 dB for a tyre rolling on a smooth road surface between 
the smallest and largest radii tyres, principally due to the location of the resonances 
being moved further away from the excitation mechanism, the tread block impact 
frequencies. For the noise on a rough road surface, only a decrease of 1 dB is found by 
moving from the standard tyre size to the most extreme, as the excitation covers a 
wider frequency range. 

A tyre with a greater width has a longer axial wavelength and thus lower resonant 
frequencies. It has been shown that making a tyre narrower can move the modal 
response away from the typical range of excitation frequencies from the tread pattern. 
Although the load per unit area of a narrower tyre is increased, the amplitude of 
vibration is decreased significantly. 

Reducing the width of a typical tyre increases the resonant frequencies, which moves 
the lowest modes of vibration into the region where they will become important for 
interior sound propagation into the passenger cabin. A method will need to be 
addressed to reduce this propagation in order to determine a viable commercially 
applicable solution. However, the frequencies are so low that they are negated by an 
A-weighting for exterior noise. 
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The far field sound pressure can be reduced by 4 dB by moving from the widest tyre to 
the narrowest as the resonant frequencies are located further away from the modal 
tyre response. 

A twin tyre concept has been investigated, which has been examined previously by 
industry as a performance enhancement for different driving conditions. It has been 
shown that a significant benefit can be derived by such a system for noise reduction as 
the narrow width increases the modal frequency response while the overall load on the 
axle remains the same. Further methods to obtain the reduction in axial wavelength 
should be investigated further. Reductions of approximately 3.5 dB can be obtained by 
such a system. 

5.2 CONCLUSIONS:- HORN AMPLIFICATION 

5.2.1 Conclusions from the theoretical calculations 
The horn amplification describes the acoustic amplification of sound sources located 
on the tyre surface. This is due to the “horn” geometry which results from the tyre 
contacting the road surface. An amplification of up to 20 dB has been found for 
positions close to the contact patch. 

Boundary element calculations have been employed to characterise the horn 
amplification for a standard tyre with a radius of 0.32 m and a width of 0.18 m. Further 
numerical runs have identified changes which result from a change to the geometry of 
the tyre i.e. an increase or decrease in the radius or width. 

As the frequency reduces to zero, the amplification tends towards 0 dB. The 
amplification is very low for frequencies below 500Hz and the tyre can be thought of as 
acoustically invisible. Given a source and a receiver location, a maximum amplification 
will be seen whose location reduces in frequency as the receiver moves further away. 

At very high frequencies, a source close to the contact patch will create an amplitude 
which has many distinct maxima against frequency, which may be explained through 
ray theory. 

Changing the tyre radius produces a small change to the amplitude of the horn 
amplification, perhaps 2-3 dB for a commercial size range. Increasing the radius moves 
the location of the peak amplitude to a lower frequency. As this relationship is the same 
for the vibration mechanism, the benefits are slightly reduced when the two are 
combined. 

Changing the width of the tyre produces a more significant change as the visible throat 
area of the horn is increased. Given a commercial range of tyre widths, the increase 
from the narrowest to the widest covers an increase of 3-5 dB, with significant 
frequency shifts below1 kHz. This change shows the most potential for an engineering 
solution. 

The twin-tyre concept has been investigated for the characteristics of the horn 
amplification with the conclusion that the amplitude at frequencies around 500 Hz are 
increased by 2-3 dB with a corresponding decrease at frequencies above 1 kHz. 



 TIP4-CT-2005-516420 Page 69 of 70 

 QCITY issued: 13-11-06 

D3_23 UCAM ACL_18M.doc 

There is a large amplification at all frequencies at the centre of the twin tyres which 
must be eliminated using an engineering sound absorption material not included in the 
BEM calculations. If this sound absorption material is fitted, this concept could provide 
one solution to reduce the sound whilst still maintaining the same overall load carrying 
capacity. 

This sound absorbing material must be durable and reliable for use in a commercial 
product as any degradation will lead to significant amplification of any sound sources 
close to the centre band. It is recommended that vibration absorption should also be 
fitted between the two tyres. 

5.2.2 Conclusions from the experimental study on the horn effect. 
By the experimental study it is found that the sound radiation in the frequency range of 
600-1400 Hz is reduced by 14 dB when the tyre width is decreased from 300 to 80 mm. 

It has been found that the reduction is more rapid in the width range of 80-150 mm (or 
about 11 dB) compared to the width range of 150 -300 mm where the reduction is more 
modest (about 3 dB). A consequent conclusion from the said would be that substantial 
reductions in radiation would require use of small tyre widths typically in the range of 
100 mm or less. 

It can generally be concluded that reduced tyre width can be a powerful method in 
reducing tyre/road noise. Though the width should typically be reduced to dimensions 
below the typical standard widths of today.  

The Twin tyre, using two narrow tyres on the same rim with a separation distance of 50 
mm results in 6 dB(A)-units less noise (assuming the vibration level of the tyre structure to 
be the same compared to a tyre of standard dimensions) in the direction of rolling 4.6 
dB(A) units at 45 º and 3.6 dB(A) units at 90 º to the direction of rolling.  For a typical 
pass-by or coast-by test with roadside microphones e.g. at 7.5 m from the vehicle track 
a total reduction in radiated noise could be 4.5 dB(A) units.  

It has also been found that the Twin tyre concept would benefit from sound absorbing 
material in the slot between the partial tyres. 50 mm glass wool or similar mounted 60 
mm above the contact surface seems to be optimal of the tested alternatives.  

The separation distance between the two partial tyres of in the Twin tyre design does 
not need to be greater than 50 mm. For greater distances than 50 mm the sound 
radiation is not much further reduced.  
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